•− , H 2 O 2 , NO • and ONOO − ) have been strongly implicated in the pathophysiology of neurodegenerative and mitochondrial diseases. In the present study, we examined the effects of nitrosative and/or nitrative stress generated by DETA-NO {(Z)-1- [2-aminoethyl-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate}, SIN-1 (3-morpholinosydnonimine hydrochloride) and SNP (sodium nitroprusside) on U87MG glioblastoma cybrids carrying wt (wild-type) and mutant [A3243G (Ala 3243 → Gly)] mtDNA (mitochondrial genome) from a patient suffering from MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes). The mutant cybrids had reduced activity of cytochrome c oxidase, significantly lower ATP level and decreased mitochondrial membrane potential. However, endogenous levels of reactive oxygen species were very similar in all cybrids regardless of whether they carried the mtDNA defects or not. Furthermore, the cybrids were insensitive to the nitrosative and/or nitrative stress produced by either DETA-NO or SIN-1 alone. Cytotoxicity, however, was observed in response to SNP treatment and a combination of SIN-1 and glucose-deprivation. The mutant cybrids were significantly more sensitive to these insults compared with the wt controls. Ultrastructural examination of dying cells revealed several characteristic features of autophagic cell death. We concluded that nitrosative and/or nitrative stress alone were insufficient to trigger cytotoxicity in these cells, but cell death was observed with a combination of metabolic and nitrative stress. The vulnerability of the cybrids to these types of injury correlated with the cellular energy status, which were compromised by the MELAS mutation.
INTRODUCTION
Single base mutations and/or rearrangements in the mtDNA (mitochondrial genome) cause mitochondrial dysfunction and contribute to the pathogenesis of several neuromuscular and neurological disorders. MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes) is a maternally inherited multisystem disorder, recognized as a clinical syndrome more than 20 years ago [1] . Patients with the MELAS syndrome exhibit a wide spectrum of clinical symptoms, including stroke-like episodes, headache, vomiting, seizures, lactic acidosis, dementia, muscle weakness, deafness, growth retardation and diabetes mellitus. Pathological findings in MELAS patients most frequently include ragged-red fibres in the skeletal muscle [2] , cerebellar cortical degeneration, calcification in the basal ganglia and vascular changes known as 'mitochondrial angiopathy' [1] . The most common cause of the syndrome is the A to G transition at nucleotide 3243 [3] and T to C transition at nucleotide 3271 [4] that affects the mitochondrial tRNA Leu gene. This, in turn, impairs mitochondrial protein synthesis and reduces the activities of respiratory chain complexes containing mitochondrially encoded subunits [5] . Indeed, decreased production of ATP has been observed in cultured myoblasts from MELAS patients [6] . The exact mechanisms by which these mutations result in cellular injury or why they preferentially affect tissues with high-energy requirement is still not clear.
Several neurodegenerative and mitochondrial diseases have been associated with excessive production of RNOS (reactive nitrogen and oxygen species), of which ROS (reactive oxygen species) are produced mainly in the mitochondria as by-products of oxidative phosphorylation [7, 8] . Because of the toxic nature of these species, mitochondria have evolved strong antioxidant defence systems; however, their detoxifying capacity is not always sufficient to offset the high rates of oxidative stress. The formation of superoxide anions (O 2
•− ) occurs via the transfer of a free electron from the ETC (electron transport Abbreviations used: AIF, apoptosis inducing factor; CFDA, 5-carboxyfluorescein diacetate; CMH 2 DCFDA, 5-6-chloromethyl-2 ,7 -dichlorodihydrofluorescein diacetate; COX, cytochrome c oxidase; DETA-NO, (Z)-1-[2-aminoethyl-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate; DiOC 6 , 3,3 -dihexyloxacarbocyanine; ETC, electron transport chain; GD, glucose-deprivation; hsp, heat-shock protein; MELAS, mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes; MEM, minimum essential medium; mtDNA, mitochondrial genome; mtNOS, mitochondrial nitric oxide synthase; PI, propidium iodide; PMOXR, plasma membrane oxidoreductase; RNOS, reactive nitrogen and oxygen species; ROS, reactive oxygen species; SIN-1, 3-morpholinosydnonimine hydrochloride; SNP, sodium nitroprusside; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling; wt, wild-type. 1 Correspondence may be addressed to either of the authors (email jagdeep.sandhu@nrc.ca and marianna.sikorska@nrc.ca).
chain) to molecular oxygen. Complexes I and III produce most of the O 2 •− , which is detoxified by MnSOD (where SOD stands for superoxide dismutase) or cytosolic Cu/ZnSOD to produce H 2 O 2 . Mitochondria also strongly depend on GSH to combat the oxidative stress; for example, H 2 O 2 is converted into H 2 O by glutathione peroxidase and GSH. Some laboratories have provided evidence that mitochondria possess their own nitric oxide synthase [mtNOS (mitochondrial nitric oxide synthase)] and may serve as an endogenous source of nitric oxide (NO • ) [9, 10] . Under pathological conditions, NO
• might react with O 2 •− to produce peroxynitrite (ONOO − ) resulting in the oxidation, nitrosation and nitration of proteins leading to mitochondrial dysfunction [11] . This, however, is still controversial since other laboratories have not been able to confirm the presence of mtNOS [12, 13] .
The present study was designed to examine the effects of nitric oxide donors, namely SIN-1 (3-morpholinosydnonimine hydrochloride), DETA-NO {(Z)-1- [2-aminoethyl-N-(2-ammonioethyl) amino]diazen-1-ium-1,2-diolate} and SNP (sodium nitroprusside), on the viability of cybrids carrying the MELAS mtDNA mutation. The cybrid technology has been widely used to recapitulate the effects of mtDNA mutations on various cellular functions such as activities of respiratory chain complexes and cell growth. This technique involves the transfer of mitochondria from cells of affected patients to a cell line lacking mtDNA (ρ • cells). We generated human U87MGρ
• glioblastoma cells [14] , which were subsequently fused with enucleated fibroblasts from a MELAS patient carrying A3243G (Ala 3243 → Gly) mtDNA mutation in the tRNA Leu gene [15] . In the present study, we have described the characterization of cybrid clones, their vulnerability to RNOS and the mechanism of cell death resulting from the cytotoxic injury.
MATERIALS AND METHODS

Generation of cybrids by fusion of enucleated fibroblasts with ρ
• cells
Cybrids were generated on a background of U87MG glioblastoma (ATCC # HTB-14) devoid of their own mtDNA (ρ • cells). Parental U87MGρ + cells were grown in Eagle's MEM (minimum essential medium; Gibco BRL, Burlington, ON, Canada) supplemented with 10 % (v/v) FBS and 1× antibiotic-antimycotic solution (Gibco BRL) at 37
• C in 5% CO 2 . The U87MGρ
• cells were obtained after 3 months of growth in the presence of 250 µg/ml ethidium bromide in complete MEM medium containing 100 µg/ml pyruvate, 50 µg/ml uridine and 4500 mg/l glucose (ρ • medium). Cells were replated once a week and the medium was changed every 2-3 days. The absence of mitochondrial DNA was determined by PCR using D-loop-specific primers (forward primer: 5 -CCCTCCCACTCCCATACTAC-3 , nucleotide position 16440-16459 and reverse primer: 5 -ACGGGCGG-TGTGTACGCG-3 , nucleotide position 914-897; GenBank ® accession no. D38112.1 [14] ).
Primary fibroblast cultures were established from a 37 yearold female MELAS patient carrying the heteroplasmic A3243G mtDNA mutation [15] . The cells were enucleated by treatment with cytochalasin B (Sigma, St. Louis, MO, U.S.A.) and subsequently fused with ρ
• cells using 50 % (w/v) poly(ethylene glycol) 1500 solution (Roche Diagnostics, Laval, QC, Canada) essentially as described previously [14, 16] . Cybrids containing exogenous fibroblast mitochondria were selected by culturing in MEM medium (lacking pyruvate and uridine) supplemented with 10 % dialysed heat-inactivated FBS, expanded and analysed for the presence of mtDNA mutation.
DNA extraction and PCR amplification
Total cellular DNA was extracted and PCR-amplified using the following primers: 5 -ATTGACCTGCCCGTGAAGAGGCG-3 (forward) and 5 -CACCCTTATCACAACACAAGAAC-3 (reverse). The PCR amplification was performed at 94
• C for 1 min, 55
• C for 45 min and 72
• C for 70 s for 30 cycles. The mutation was detected after a digestion of PCR fragment with ApaI at 30
• C for 1 h [17] . The proportion of mutant mtDNA in the cybrids was quantified by densitometry using Scion Image beta 3b (Scion Corporation, Frederick, MD, U.S.A.) and expressed as percentage of mutant band volume/total band volume.
Cytochemistry of COX (cytochrome c oxidase) activity
Cybrids grown in six-well dishes for 24 h were washed in 50 mM sodium phosphate buffer (pH 7.4) and incubated with the same buffer containing 0.5 mg/ml 3 ,3-diaminobenzidine and 1 mg/ml oxidized cytochrome c at 37
• C for 2-3 h. The images were captured using an Olympus IX 50 microscope.
ATP levels
Cybrids were grown in T-25 flasks, harvested in a reaction buffer containing 20 mM glycine, 50 mM MgSO 4 and 4 mM EDTA (pH 7.4) and sonicated. ATP assay was carried out according to the manufacturer's instructions. Briefly, 20 µl of the sample was mixed with 2-5 µl of luciferase-luciferin solution (Thermo Labsystems Oy, Helsinki, Finland) and the intensity of the emitted light was measured using a plate reader assay (Fluostar optima; BMG LabTechnologies, Offenburg, Germany). The amount of ATP produced was determined from the standard curve constructed using 10-100 pmol ATP. Protein content was determined with bicinchoninic acid assay (Pierce, Rockford, IL, U.S.A.).
Oxygen consumption
Cybrids grown in six-well dishes for 48-72 h were washed and placed in a balanced salt solution containing 117 mM NaCl, 5.4 mM KCl, 1.5 mM CaCl 2 , 0.8 mM MgSO 4 , 0.9 mM NaH 2 PO 4 , 10 mM Hepes and 5.6 mM glucose (pH 7.4). Oxygen consumption of single cells in the absence or presence of 0.5 mM SIN-1 was monitored over 15-30 min at 37
• C by the fully automated system from BioCurrents Research Center (MBL, Wood Hole, MA, U.S.A.) using the self-referencing oxygen electrodes [18] . All measurements were carried out in triplicate.
Exposure of cybrids to nitric oxide-donating drugs
Cybrids were grown to 70 % confluence and then exposed to SIN-1 (up to 2.5 mM), DETA-NO (0.25-1.0 mM) (both from Toronto Research Chemical, North York, ON, Canada) or SNP (0.5-1.0 mM; Fisher Scientific, Fair Lawn, NJ, U.S.A.) in complete medium, unless otherwise indicated. In some experiments, the cybrids were placed in GD (glucose-deprivation) medium containing 0.5-1.0 mM SIN-1. Control experiments were performed in the presence of degraded SIN-1 or SNP solution (by exposing to light for 72 h at 25
• C room temperature). Cell viability was measured after 24-48 h of treatments.
Cell viability assays
The CFDA (5-carboxyfluorescein diacetate) assay was used to quantify cell viability [19] . Cells were incubated with 2.5 µg/ ml CFDA (Molecular Probes, Eugene, OR, U.S.A.) in Earle's Balanced Salt Solution (Sigma) at 37
• C for 30 min and fluorescence was quantified using a CytoFluor TM 2300/2350 system (Millipore, Bedford, MA, U.S.A.) with λ ex = 480 + − 20 nm and λ em = 530 + − 25 nm. Morphological assessment of cell viability was determined based on cell staining with CFDA and PI (propidium iodide). Briefly, cells were stained with CFDA/PI and after air-drying the number of dead cells (stained red) and live cells (stained green) were examined under an Olympus BX50 fluorescence microscope using ×40 objective. Flow cytometry was also performed by staining the cells with 5 µg/ml PI. PI excited at 488 nm and the fluorescence were analysed at 610 nm using a Coulter ELITE ESP flow cytometer. The TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling) assay was used to visualize 3 -OH breaks in the fragmented DNA.
Measurement of PMOXR (plasma membrane oxidoreductase) activity
PMOXR activity was analysed by the bathophenanthrolinedisulphonic acid assay [20] . Cells were washed twice with PBS and incubated for 2 h in a buffer containing 1 mM potassium ferricyanide, 20 mM Tris/HCl (pH 7.4) and 150 mM NaCl. At the end of the incubation, the supernatant and cell pellets were collected by centrifugation at 194 g for 5 min. The supernatant was assayed in duplicate by incubating 700 µl of supernatant with 100 µl of 3 M sodium acetate, 100 µl of 0.2 M citric acid, 50 µl of 3.3 mM ferric chloride (diluted in 0.1 M acetic acid) and 50 µl of bathophenanthroline-disulphonic acid (Sigma). The samples were incubated for 10 min at room temperature and absorbance was measured at 535 nm. The pellets were dissolved in PBS containing 0.2 % Triton X-100 and the protein content was determined by the bicinchoninic acid assay.
Measurement of ROS
ROS production was assessed by flow cytometry after cell staining with CMH 2 DCFDA (5,6-chloromethyl-2 ,7 -dichlorodihydrofluorescein diacetate; acetyl ester, Molecular Probes), a redoxsensitive fluorescent dye. Cells were grown in T-75 flasks to 70 % confluence and subjected to nitrative stress (0.5 mM SIN-1 + GD) for 24-48 h, washed and resuspended in PBS containing 1 % BSA. The cells (1.5 × 10 6 cells/0.5 ml) were stained for 20 min at 37
• C with 5 µM CMH 2 DCFDA. Samples were kept on ice in the dark and a minimum of 20 000 events were analysed. CMH 2 DCFDA was excited at 488 nm and the emitted fluorescence was analysed at 525 nm using a Coulter ELITE ESP flow cytometer and EXPO32 TM software (Applied Cytometry Systems, Sheffield, U.K.).
Measurement of mitochondrial membrane potential ( ψ m )
Cells were grown in T-75 flasks to 70 % confluence and treated with GD + SIN-1. After treatment, cells were washed, resuspended in PBS containing 1 % BSA (1.5 × 10 6 cells/0.5 ml) and incubated with 20 nM DiOC 6 (3,3 -dihexyloxacarbocyanine; Molecular Probes) and 5 µg/ml PI for 15 min at 37
• C in a humidified 5 % CO 2 incubator. Samples were kept on ice in the dark and a minimum of 20 000 events were analysed using a Coulter ELITE ESP flow cytometer and WinMDI version 2.8 software (Purdue University Cytometry Laboratories, West Lafayette, IN, U.S.A.). Mitochondrial ψ m was assessed by measuring the fluorescence using 488 nm excitation and 520 nm emission.
Measurement of caspase activity
Cells were grown (8 × 10 4 for cybrids R9 and R921, 1 × 10 5 for cybrid R15), harvested, washed once with PBS and the pellet was lysed in 3 vol. of lysis buffer (25 mM Hepes, 5 mM MgCl 2 , 2 mM dithiothreitol, 1.3 mM EDTA, 1 mM EGTA, 0.1 % Triton X-100 and protease inhibitor cocktail) on ice for 30 min. Samples were stored at − 80
• C until analysed. Caspase-3 (CPP32) activity was measured using the ApoAlert TM caspase assay according to the manufacturer's instructions. The shift in fluorescence emission following cleavage of DEVD-AFC, a specific substrate for caspase-3, was measured on a CytoFluor TM 2350 plate reader using excitation at 360 + − 40 nm and emission at 460 + − 40 nm. Total protein concentration for each sample was determined using BioRad protein reagent (Bio-Rad Laboratories, Mississauga, ON, Canada).
Immunofluorescence staining
Cells grown on glass coverslips were treated with GD + SIN-1, fixed for 10 min with Genofix TM (DNA Genotek Inc., http:// www.DNAGenotek.com), blocked with 1 % BSA or 0.15 % gelatin in PBS and processed for immunocytochemistry. Double labelling of cultures was carried out by incubation with anti-AIF (apoptosis inducing factor) antibody (1:200, goat polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) followed by detection with rabbit anti-goat IgG-Alexa 488 (1:500; Molecular Probes). Cultures were blocked again and then incubated with anti-hsp60 antibody (1:200, mouse monoclonal, Sigma; where hsp stands for heat-shock protein) followed by detection with goat anti-mouse IgG-rhodamine (1:500; Molecular Probes). Incubation with primary and secondary antibodies was carried out for 1 h at room temperature. The cells were visualized under a Carl Zeiss Axiovert 200M.
Electron microscopy
Cells were fixed with 2.5 % (v/v) glutaraldehyde in 100 mM sodium phosphate (pH 7.4) for 1 h at room temperature. They were centrifuged at 900 g and embedded in 22% (w/v) BSA. After washing with 100 mM sodium cacodylate (pH 7.2), the cells were post-fixed with 1 % osmium tetroxide in 100 mM sodium cacodylate (pH 7.2) for 1 h at 4
• C. Cell pellets were stained en bloc with 2 % (v/v) aqueous uranyl acetate, dehydrated in ethanol and acetone and then embedded in Spurr epoxy resin. Ultrathin sections were stained with lead citrate and photographed on a Hitachi H-7100 electron microscope.
Statistical analysis
Data are expressed as means + − S.D. or S.E.M. Data analysis was performed by unpaired t test or ANOVA followed by post-hoc Bonferroni's, Dunnett's or Tukey's multiple comparison tests. A value of P < 0.05 was considered statistically significant. Statistical tests were performed using GraphPad Prism version 3.02.
RESULTS
Characterization of the cybrids
Mitochondria from skin fibroblasts of a MELAS patient were transferred by cytoplast fusion to U87MGρ
• cells generated in our laboratory [14] . Several cybrid clones were isolated and heteroplasmy was determined by PCR analysis ( Figure 1A ). The A3243G MELAS mutation creates a new restriction site for ApaI, hence the enzyme cuts the mutant mtDNA, but not the wt (wildtype) mtDNA, into two fragments of 574 and 566 bp respectively ( Figure 1A , lanes 2 and 4-6). The donor fibroblasts carried approx. 30 % of mutant mtDNA (lane 2) and the selected cybrids contained different proportions of the wt and mutant mtDNA (lanes 3-6). For example, cybrids R15 (lane 3) and R13 (results not shown) contained only wt mtDNA and are referred to as control cybrids. On the other hand, cybrids R9 and R921 contained both the wt and mutant mtDNA, although at different ratios: R9 (lane 4) harboured approx. 60 % mutant and 40 % wt, and R921 (lane 6) had approx. 80 % mutant and only 20 % of wt mtDNA. The cybrids were propagated in a medium containing pyruvate (no uridine), they had similar growth kinetics and an average doubling time of 32.6 + − 3.0 h. The cybrid phenotypes were stable for at least 3 months in culture (results not shown).
COX is the terminal metalloprotein of the ETC and transfers electrons from cytochrome c to molecular oxygen. Accordingly, there was no COX activity in U87MGρ
• since they lack the mitochondrial-encoded subunits ( Figure 1B Figure 1C ). The mutant cybrids had significantly lower ATP levels than the wt cybrids (Tukey's multiple comparison test, P < 0.01 for R15 versus R9 and R15 versus R921, Figure 1C ).
The mitochondrial membrane potential was measured by flow cytometry after staining the cells with DiOC 6 dye. As shown in Figure 2 (A), the mean DiOC 6 fluorescence intensity was lower in the mutant cybrids, i.e. 42.8 for cybrid R9 and 45.3 for cybrid R921 (black histograms) when compared with 66.3 for the control R15 cybrid (clear histogram), indicating a difference in the membrane potential. The intracellular formation of ROS was established based on the oxidation of CMH 2 DCFDA, which yields an intracellularly trapped fluorescent compound. As shown in Figure 2 (B), intracellular ROS levels were not significantly different between the mutants and the control cybrids, although the levels were higher in control cybrids with the functional ETC; the mean CMH 2 DCFDA fluorescence intensity was 5.7 and 5.8 for R9 and R921 cybrids respectively (black histograms) and 8.8 for control R15 cybrid (clear histogram). • with a half-life of 20 h [22] . A clinically used NO
• -donor SNP, which requires biotransformation to release NO
• [23] , was also tested. In contrast with the other two compounds, this drug was highly cytotoxic, especially at a concentration of 1.0 mM (Figure 3 , hatched bars refer to cells treated with 1 mM SNP). Percentages of viable cells after the 24 h treatment were: 56.5 for control R15, 52.1 for R9 and 34.7 for R921 (Tukey's multiple comparison test, P < 0.001 when compared with untreated controls). Although all cybrids were affected by the treatment, the mutant R921 was clearly the most vulnerable (P < 0.05 when compared with treated R15 control). Cell death was eliminated in cultures treated with inactivated SNP (results not shown).
Cytotoxicity was also observed when the cybrids were subjected to a combination of metabolic block caused by GD and nitrative stress produced by SIN-1 (Figure 4) . Figure 4 (A), clearly shows that the mutant cybrids were more susceptible to killing by ONOO − under GD conditions and the killing was dosedependent. The metabolic stress itself contributed to cell loss; after 24 h of GD, between 20 and 35 % of cybrids were PIpositive. Again, the mutant cybrids were slightly more sensitive ( Figure 4A , black bars; Bonferroni's multiple comparison test, P < 0.05 when compared with R15 cybrid under GD). However, far greater cell loss was observed in cultures exposed to both stressors, especially to the combination of GD + 1 mM SIN-1 ( Figure 4A, light grey bars Cell survival and ψ m in GD + 0.5 mM SIN-1-treated cells were also measured using flow cytometry after staining the cells with PI and DiOC 6 respectively ( Figures 5A and 5B) . Timecourse analysis showed that the loss of viability occurred after 24 h of treatment and further increased by 48 h ( Figure 5A ). The percentages of cells that were completely permeable to PI (p3) at 24 h were higher in the mutants, 16 + − 2. occurred in the mutant cybrids after 24 h of treatment (solidline histograms, Figure 5B ) with a further loss at 48 h (dotted-line histograms, Figure 5B) . At 24 h, the percentage of affected cells was higher in the mutant cybrids, 26 + − 1.8 and 37.5 + − 0.6 for R9 and R921 respectively, when compared with 13.7 + − 1.0 for the R15 cybrid. This was further accentuated at 48 h as 78 + − 3.0 % of R9, 82 + − 1.1 % of R921 and 57.1 + − 2.0 % of R15 cybrids lost ψ m .
Scatter plot of this data clearly showed that cells that had lost their ψ m were also completely permeable to PI, indicating that the loss of ψ m was accompanied by decreased cell viability ( Figure 5C 
Generation of RNOS
ROS generation in cybrids subjected to GD or GD + SIN-1 treatment was assessed by flow cytometry using a CMH 2 DCFDA oxidation-based fluorescence assay and reactive nitrogen species generation was determined by measuring the amount of nitrite accumulated and nitrotyrosine staining. As shown in Table 1 , variable changes in intracellular ROS levels (i.e. 2.0-3.5-fold increases at 24 h) were observed in all the cybrids. The differences between the control R15 and mutant R9 and R921 cybrids, however, were not statistically significant (P > 0.05, Tukey's multiple comparison test). No obvious difference in ROS production was seen at 6 or 24 h in all cybrids subjected to GD alone and the ROS levels were comparable between the control and mutant cybrids (results not shown). Interestingly, the control R15 cybrids with functional ETC produced a slightly higher level of ROS. The basal levels of nitrite were similar in the control and mutant cybrids (means + − S.D., 4.75 + − 0.11 µM). A 70-fold increase in nitrite accumulation was found in all cybrids treated with SIN-1 alone or in combination with GD, and antinitrotyrosine staining also revealed extensive protein nitration (results not shown). The effect of RNOS on energy metabolism was studied by measuring oxygen consumption of cybrids. SIN-1 (0.5 mM) did not exert any effect on the rate of oxygen consumption either in the control R15 or mutant cybrids. Oxygen flux was measured to be 0.00086 + − 0.00023 µmol · cm 
ATP content and PMOXR activity
Mitochondria are the main energy-transducing organelles of eukaryotic cells and generate energy in the form of ATP, driven by a substantial ψ m across the mitochondrial inner membrane [24] ; therefore it would be expected that cells with defective mtDNA have lower ATP levels. Accordingly, the basal ATP level was lowered by nearly 50 % in mutant cybrids when compared with the control (5.52 + − 0.28 pmol/µg for R15 when compared with 2.93 + − 0.57 for R9 and 2.92 + − 0.57 for R921 respectively; Figure 6A , black bars refer to untreated controls). Interestingly, ATP levels were not reduced when the cybrids were subjected to the RNOS-generating treatments (i.e. GD, SIN-1 or GD + SIN-1). In fact, the treatments triggered up-regulation of the ATP-synthesizing pathways, especially in the wt cybrids, in which the ATP stores almost doubled during the 24 h period ( Figure 6A , P < 0.05, Bonferroni's multiple comparison test). Although no significant up-regulation of ATP stores was observed in the mutant cybrids, they were able to maintain the basal ATP levels unchanged under these conditions.
The PMOXR system is a multienzyme complex with at least two distinct activities, NADH-ferricyanide reductase and NADHoxidase that has been shown to compensate for the defective ETC [25] . Indeed, we observed a marked increase in the NADHferricyanide reductase activity in the U87MGρ
• cells when compared with the parental U87MGρ + cells (95 + − 5.9 versus 68 + − 4.7, P = 0.013, unpaired t test, n = 2 experiments analysed in triplicate). Similarly, the mutant cybrids also had higher PMOXR activity compared with control cybrids [P < 0.01, Dunnett's multiple comparison test; Figure 6B , first bar (black)], consistent with their need to rely on the PMOXR system to maintain the redox status. Exposure of cybrids to GD alone ( Figure 6B , dark grey bars refer to cells subjected to GD alone; and Figure 6B , light grey bars refer to cells treated with 0.5 mM SIN-1) or in combination with SIN-1 ( Figure 6B , hatched bars refer to cells treated with 0.5 mM SIN-1 under GD) triggered a marked increase in PMOXR activity, which was more pronounced in the control cybrid (P < 0.001, Bonferroni's multiple comparison test) and correlated with the higher ATP content ( Figure 6A ) and better cell survival (Figure 4) . Interestingly, mutant cybrids failed to upregulate their PMOXR activity to the same extent as control R15 ( Figure 6B ) and correlated with lower ATP content ( Figure 6A ) and poor cell survival (Figure 4) . Treatment of the cybrids with SIN-1 alone did not alter the PMOXR activity, consistent with its lack of cytotoxic effect in these cultures ( Figure 6B , light grey bars).
Mechanism of cell death
The morphological assessment of GD + SIN-1-treated cultures ( Figure 4B ) and their further analysis by TUNEL staining or pulsed-field gel electrophoresis (results not shown) did not reveal clear features of apoptotic cell death. Moreover, none of the treatments resulted in the activation of caspase-3, suggesting that the cells were dying by a caspase-independent pathway ( Figure 7A) . Recently, AIF has been identified as a novel apoptotic-effector protein, which translocates from the mitochondria to the nucleus and induces caspase-independent chromatin condensation [26] . We have examined the behaviour of AIF in cybrids after their treatment with GD + SIN-1 ( Figure 7B ). The cybrids were double-labelled with anti-AIF (green staining) and antihsp60 antibody (red staining), and viewed under a fluorescence microscope. In untreated cybrids, AIF was found in the mitochondria and it clearly co-localized with hsp60 ( Figure 7B , panels a-d). A change in cellular morphology evidently occurred after the GD + SIN-1 treatment; however, the AIF signal (green staining) still co-localized with the mitochondria (red staining) and did not translocate to the nucleus ( Figure 7B , panels e-h).
Ultrastructural features of cell death
Electron micrographs of untreated mutant cybrids showed normal morphology of all organelles ( Figure 8A) , with mitochondria scattered homogenously throughout the cell. Ultrastructural analysis of GD + SIN-1-treated cells revealed, at the initiation of cell death, numerous smooth endoplasmic reticulum-like structures, which formed around portions of the cytosol as well as engulfed organelles such as mitochondria (Figures 8C and 8D) . These double-membrane structures then resulted in the formation of autophagosomes ( Figures 8E-8G ) that contained remains of the cytoplasmic material and mitochondria ( Figure 8G ), which finally fused with the primary lysosomes leading to the formation of single-membrane autolysosomes that contained many myelin figures ( Figure 8F ). In some cells, the autolysosomes were found close to the plasma membrane where they might be involved in exocytosis ( Figure 8G ). Consistent with this, myelin figures and remnants of mitochondria were found in the extracellular space of treated cells [27] . At the plasma membrane, increased blebbing was seen in many cells ( Figure 8B) , chunks of the cytosol were sequestered and extruded from the cell ( Figure 8J ) resulting in shrinkage. Clumping of the nuclear chromatin was seen only along the inner surface of the nuclear envelope ( Figure 8B ). Several membranous structures, which appeared crystalline ( Figure 8H ) or as concentric whorls, were found scattered throughout the cytoplasm ( Figure 8I ). There was a marked decrease in the number of mitochondria, as they reorganized around the perinuclear area and clustered in groups ( Figures 8B and 8J) . During the final stages of cell death, nuclear chromatin condensed into small irregular masses of chromatin ( Figures 8J and 8K ). Cell death was accompanied by loss of the nuclear envelope and extensive vacuolization of the cytoplasm; annulate lamellae, which might represent pores in the nuclear envelope, were seen floating free in the cytoplasm (results not shown). At this stage, most of the mitochondria and other organelles largely disappeared from the cells.
DISCUSSION
Mitochondrial diseases are frequently caused by pathogenic mutations (i.e. point mutations and/or rearrangements) in the mtDNA and are associated with a broad spectrum of clinical manifestations. However, despite numerous experimental studies, it is still not clear why only selective cell populations in tissues with high-energy demands, such as the neuromuscular and central nervous system are affected. Here, we studied the vulnerability of MELAS cybrids harbouring A3243G mutation in the mtDNA to exogenous nitrosative and/or nitrative stress and the mechanisms of cell death. The cybrids were made on a nuclear background of glia cells and carried the wt as well as different proportions of defective mtDNA. Indeed, due to impaired mitochondrial protein synthesis and, consequently, defective ETC, the mutant cybrids had a lower ψ m , decreased COX activity and only half of the normal cellular ATP level. A similar decrease in ψ m was also observed in fibroblasts obtained from a MELAS patient [28] . However, despite the defective ETC, the basal ROS levels in the mutant cybrids were similar to those in the wt controls, suggesting that the antioxidant defence system present in these cybrids was sufficient to detoxify the ETC-generated ROS. In general, cells are capable of modulating, to some extent, the activities of antioxidant enzymes in order to adapt to the oxidative stress burden. Accordingly, the activities of superoxide dismutase and catalase were found to be up-regulated in myoblasts obtained from the MELAS patients [6] ; similarly we have also found catalase levels to be up-regulated in the mutant cybrids There has been increasing interest in understanding the role of both endogenously and exogenously generated RNOS in the progression of mitochondrial diseases [8, 29] . We examined the effect of three different nitric oxide donors (i.e. SIN-1, DETA-NO and SNP) on the viability of cybrids. The amount and duration of NO
• released by these drugs is related to their structure and pharmacological properties. DETA-NO is known to generate NO
• spontaneously without prior bioactivation [30] . SIN-1 has to be metabolized by enzymatic hydrolysis to release both NO
• and O 2
•− to form ONOO − , which has been generally considered the cytotoxic species. SNP is a complex comprising the Fe 2+ ion, five cyanide anions (CN − ) and a nitrosonium ion (NO + ) and it also requires bioactivation for the liberation of NO
• [31] . This is accompanied by the release of CN − and Fe 2+ ions, which are known to poison the mitochondrial ETC and to participate in the Fenton reaction to generate more toxic hydroxyl radicals [32] . It has also been reported that SNP treatments cause not only ATP depletion [33] but also inhibition of GSH synthesis [34] . Indeed, in our experiments, only SNP by itself was cytotoxic to these MELAS cybrids; neither SIN-1 nor DETA-NO alone had any adverse effect suggesting that the cytotoxicity of CN − could not be entirely disregarded. Despite the fact that ONOO − and RNOS were produced by the decomposition of SIN-1 resulting in protein nitration, no inhibition of respiration was evident in our experiments. Similarly, no effects of SIN-1 on mitochondrial respiration were reported in HEK-293 (human embryonic kidney Scheme 1 A model depicting some of the cellular events contributing to the activation of cell death pathway in cybrid cells 293) cells [35] . Clearly, ONOO − or related species affected neither the ETC nor the intracellular ATP levels and hence were insufficient to trigger cell death. Lack of ONOO − toxicity has been observed in other cell types as well [32, 36] , suggesting that protein nitration might be a reversible and regulated process. However, we have observed SIN-1 toxicity under GD conditions (Figure 3 ) indicating the importance of glycolytic pathway in cell survival. The same effects of GD were reported in bovine endothelial cells treated with chloramphenicol or a nitric oxide donor and in human Jurkat cells treated with iodoacetate [37, 38] .
Taken together, our results clearly demonstrated that drugs affecting energy metabolism were cytotoxic to the cybrids, further strengthening the link between the energy buffers and cell death signals. Accordingly, we observed that cybrids with wt mtDNA were capable of regulating their energy stores and were more resistant to killing by GD + SIN-1 when compared with the MELAS cybrids that could not increase the cellular energy content above the basal level and were more sensitive ( Figure 6A ). These observations suggested that intracellular pathways involved in energy metabolism, especially oxidative phosphorylation, might play a significant role in defining a threshold of cellular resistance to RNOS. Clearly, the inability of MELAS cybrids to mobilize energy-synthesizing pathways under stress can be attributed to the defective ETC. Upon glucose depletion, cells had to switch to oxidative phosphorylation for ATP synthesis in order to compensate for its diminished supply from the glycolytic pathway. Indeed, it has been shown that many terminally differentiated cells maintain the ability to adjust their oxidative phosphorylation capacity to changing situations [39] . Also, in vitro cells could use glutamine from the medium as an alternative carbon source for oxidative phosphorylation [40] .
MELAS cybrids have the capability to compensate for the decrease in ATP levels by up-regulating the PMOXR system and hence maintain the NADH/NAD + ratio. Others have also suggested that, indeed, the PMOXR acts as a backup mechanism to maintain the redox status of the cell when the mitochondrial ETC is impaired [41, 42] . Although PMOXR is not directly coupled with ATP synthesis, it reoxidizes excess of cytosolic NADH to NAD + , thereby maintaining an appropriate NAD + /NADH ratio essential for cell viability [41] . However, although the basal activity of the PMOXR system of the MELAS cybrids was significantly higher than that in the wt controls (Figure 6 ), the mutants were unable to derive enough redox capacity from the PMOXR system and hence succumbed to the GD + SIN-1-triggered authophagic cell death. In experiments where U87MGρ
• cells were grown in the presence of 10 µg/ml coenzyme Q 10 for 7 days, PMOXR activity could be further up-regulated (M. Sikorska, C. Sodja, K. McRae, Y. Li, Y. H. Wei, B. Lach, F. Lee and J. K. Sandhu, unpublished work), suggesting that supplementation with coenzyme Q 10 may be useful therapeutically in patients harbouring mutant mtDNA. The exact mechanism linking the PMOXR system to the increased cell survival remains unknown. However, it is plausible that up-regulation of PMOXR activity would result in increased reoxidation of NADH to NAD + , which, in turn, could be utilized by NAD-linked dehydrogenases localized in the mitochondrial matrix. They would then reduce NAD + to NADH and provide the flow of electrons into the respiratory chain required for the formation of ATP. Our results are consistent with this sequence of events. Under GD + SIN-1-induced stress, PMOXR activity was clearly up-regulated in cybrids with wt mtDNA (Figure 6B ), which correlated with higher ATP content and better cell survival. On the other hand, in the MELAS cybrids, the PMOXR activation and ATP increases were much less pronounced and consequently cell survival was poorer. The MELAS mutation affects mitochondrial protein synthesis and impairs ETC complexes containing the mitochondrially encoded subunits, especially complex I. This, in turn, must affect the shuttle systems, which deliver the reducing equivalents from the cytosolic NADH to complex I, hence in the mutant cybrids the PMOXR activation could not be fully utilized for ATP production as required to support cell survival.
In summary, our results showed that cellular ability to utilize different metabolic pathways in support of energy production is critical for survival under stress, and if compromised, the cybrids activated the cell death programme and died by autophagy; a phenomenon whereby cells can digest themselves from within. Autophagic cell death has been documented in several cell types [43] , including fibroblasts from MELAS patients harbouring bioenergetically incompetent mitochondria [44] . The reason why the cybrids treated with GD + SIN-1 opted to die by autophagy rather than apoptosis is not clear. One possibility could be that activation of PMOXR might also contribute to the up-regulation of DNA repair mechanism via NAD + -linked repair pathways and, thereby, preventing the initiation of DNA fragmentation [45] . Consistent with this, cybrids subjected to GD + SIN-1 showed numerous autophagic vacuoles and lysosomes ( Figure 8 ), but had TUNEL-negative nuclei.
A model depicting some of the pathways, which could be inactivated due to energy crisis, but which, otherwise might modulate the cellular sensitivity to RNOS is presented in Scheme 1. The model predicts that as long as the ATP-synthesizing capability (ETC, glycolysis and PMOXR) and the antioxidant defence systems (i.e. GSH) are sufficient, the cells can detoxify RNOS and/or their targets (i.e. nitrated proteins) and survive under the stress conditions. However, when the energy-buffering capacities of the cells are diminished by metabolic injury (i.e. inhibition of glycolysis) and/or inactivation of ETC (i.e. MELAS mutation), the antioxidant defence also fails and the cells unable to detoxify RNOS succumb to cell death.
